Abstract Degradation of methylene blue (MB) was performed using the pulsed discharge process (PDP) combined with spent tea leaves (STLs). The effects of STL dosage, concentration of initial solution, and pH were analyzed in the combined treatment. Results showed that the combined treatment was effective for dye wastewater degradation; when the dosage of STLs was 3.2 g/L, the degradation efficiency reached 90% after 15 min treatment, and STLs showed a good repeatability. The degradation rate decreased with increasing initial MB concentration but not related to the solution pH in the combined treatment. Fourier-transform infrared spectra and N2 adsorption suggested that the number of acidic and basic groups in the STL surface increased after the treatment, but the surface area and pore volume remained unchanged.
Introduction
Pulsed high-voltage discharge in water or the nonthermal pulsed discharge process (PDP) has been regarded as a promising method to treat organic pollutants in aqueous solutions. A strong electric field leads to a pulsed discharge and produces a non-thermal plasma to generate active species, such as OH·, H·, O·, O 2 ·, HO 2 ·, H 2 O 2 , and O 3 [1−9] . Ultraviolet light, local high temperature and intense shockwaves may also be produced within the plasma channel. The efficiency of PDP depends on the generation of highly reactive species, particularly hydroxyl radicals, which significantly contribute to the oxidative purification of water and degradation of organic compounds.
Previous studies have introduced a series of catalysis into treatment systems to promote organic removal efficiency, and activated carbon (AC) has been widely used in plasma reactors because of its excellent adsorption and catalytic properties [10, 11] . Grymonpré [12] initially introduced AC into a plasma degradation system to oxidize phenol and enhance the removal of organic compounds in contrast to electrical discharge alone. However, separation of AC after water treatment and recycling has restricted industrial applications [3] . The addition of metal ions like Fe 2+ promotes the formation of hydroxyl radicals via Fenton reactions. Sharma et al. [13] enhanced phenol degradation by adding Fe
2+
in a pulsed liquid corona discharge; however, the Fenton reactions were efficient only for acid water and were hardly separable after treatment, thereby greatly limiting their applications [3] . Nano TiO 2 is a common catalyst in plasma processes because of its high efficiency, low operating cost, and non-toxicity [14] . TiO 2 substantially enhances the removal of organic pollutants by forming additional chemically active species, such as ozone, hydrogen peroxide, and hydroxyl radicals [15] . However, the difficulties of recovery and secondary pollution have restricted the development of TiO 2 . As is well known, catalysts increase the organic degradation efficiency, but their disadvantages hinder their potential applications.
Several studies have focused on determining materials that are low cost, highly efficient and regenerative, free from biological or chemical residues, and recyclable [16] . Green tea is an agricultural product from leaves, leaf buds, and internodes of Camellia sinensis [17] . In China, large amounts of spent tea leaves (STLs) are produced daily and commonly treated as waste without further use. Studies have shown that tea can be used as an adsorbent to remove organic compounds from aqueous solutions [18−21] . However, only a few studies have focused on STL-induced organic removal in pulsed high-voltage discharge.
In this study, we introduced STLs into pulsed highvoltage discharge to degrade dye wastewater. Methylene blue (MB), a widely used compound in textile industries, was chosen as the model pollutant. MB exhibits a similar structure with heterocyclic aromatic compounds. Exposure to MB causes increased heart rate, vomiting, and shock. The effects of STLs, reaction kinetics, surface changes, and chemical properties of the STLs were investigated. We analyzed the initial solution concentration and pH of MB.
Materials and methods

Materials
STLs were washed several times with deionized water to remove impurities. The leaves were then boiled repeatedly until the filtered water became clear to remove caffeine. The sample STLs were oven dried at 60 o C for 48 h to a constant weight, after which it was crushed and sieved. The fraction with particle sizes ranging from 250 µm to 830 µm was selected and stored in desiccators. MB (Meilin Industry and Trade Co., Ltd., Tianjin, China) was analytical grade and used without any purification.
Experimental apparatus
A high-voltage pulsed power supply and a hybrid gas-liquid phase electrical reactor (working volume 400 mL) were used in the experiment. The voltage and pulse frequency of the power supply (DMG-60, Dalian Power Supply Technology Co., Ltd., China) ranged from 0 kV to 60 kV and 0 pulses per second (pps) to 320 pps, respectively. The output capacitance of the power supply was 67 pF, and the pulse rise time was less than 100 ns. Fig. 1 shows the schematic of the hybrid gas-liquid phase electrical reactor. The discharge anode comprised stainless steel needles that encased a perforated resin plate, with a needle tip protruding for 2 mm. The grounding electrode was a stainless steel wire mesh with a mesh size of 1.0 mm and a diameter of 47 mm. The distance between the ground electrode and high-voltage electrode, voltage, and pulse frequency were 10 mm, 36 kV, and 100 Hz, respectively. Oxygen gas was injected into the reactor at the bottom through a gas inlet, which was controlled by a gas flow meter (flow rate 120 L·h −1 ). Once the power supply was operated, STLs were added to the aqueous solution and uniformly suspended in the solution under vigorous stirring in a rising air flow. The conductivity of the initial solution was adjusted with 0.1 M KCl, and its pH was controlled with 0.01 M NaOH and 0.01 M HCl. Solution pH and conductivity were measured using a PHSJ-3F pH meter and a DDB-11A conductivity meter (Leici Co., Ltd., Shanghai, China), respectively. 
Analytical methods
An ultraviolet spectrophotometer (UV-1200, Mapada Co., Ltd., Shanghai, China) was used to monitor the MB concentration at 664 nm. A standard MB solution was used to derive the calibration curve. The dye removal percentage was calculated using Eq. (1) as follows:
where C 0 and C t are the initial solution concentration and the solution concentration at time t, respectively. The synergetic effect of combined treatment by pulse discharge and STLs was evaluated using synergy intensity (SI) [11] . G 50% yield (mol/J) values were determined as the ratio of the converted number of MB molecules to the required energy input into the reactor [12, 22] . MB degradation by STL followed a pseudo secondorder law Eq. (2) with good correlation coefficients in the range from 0.95 to 0.99.
where k denotes apparent rate constant (min −1 ).
Nitrogen adsorption isotherms were determined at 77 K using a surface area and porosity analyzer (Micromeritics TRISTAR 30, USA). Subsequently, the Brunauer-Emmett-Teller (BET) surface area and total pore volume of the virgin and used STLs were estimated. Fourier transform infrared (FTIR) spectroscopy (Nicolet 6700, USA) operated at a spectral range of 4000-400 cm −1 to detect the surface functional groups of STLs.
3 Results and discussion
Synergistic effect of STLs in MB removal
Experiments were conducted at an initial dye concentration of 80 mg/L to investigate the influence of SLTs on dye degradation. The voltage and pulse frequency were 36 kV and 100 Hz, respectively. Fig. 2 indicates that the combined treatment was more efficient than that without STLs based on k and G 50% values (Table 1). The value of k was found to be 7.9×10
for the combined treatment, which was higher than those in the single PDP or STL process. A similar trend was observed for G 50% , in which the values for PDP with/without STLs were 3.8×10 −7 mol/J and 1.10×10 −7 mol/J, respectively. The strong synergy was attributed to the oxidation in the liquid phase, which was induced by pulsed discharge and adsorption on STLs. As shown in Table 2 , the synergistic intensity was positive within 12 min and negative at 15 min in the combined treatment. It indicated that the disappearance of MB molecules was caused by their catalysis instead of their adsorption at a certain time and the large decomposition of MB molecules reduced the reactive probability with hydroxyl radicals [10] . In addition, the radicals could mineralize by-products during this period to H 2 O and CO 2 . 
Effect of pulsed discharge on STLs
Differences in surface chemical properties between original and used STLs could be deduced from FTIR measurements. A peak was observed at 3407 cm −1 (Fig. 3) , which was attributed to the stretching vibrations of the O-H bond [23, 24] . Peaks at 2924 cm −1 and 2853 cm −1 were ascribed to the symmetrical and asymmetrical vibrations of aliphatic -CH, -CH 2 , and -CH 3 groups [25, 26] . For wave numbers below 2000 cm −1 , the FTIR spectrum exhibited absorption patterns that were characteristic of oxygen and/or nitrogen species. Bands at 1737 cm −1 and 1647 cm −1 corresponded to the stretching vibrations of C=O in carbonyl and carboxyl groups [27] . Complex bands between 1647 cm −1
and 1383 cm −1 represented the stretching vibrations of aromatic C=C with various substituents [27] . The two peaks at 1383 cm −1 and 1317 cm −1 were assigned to O-H bending vibrations of carboxyl and hydroxyl groups and deformation vibrations of aromatic rings [28, 29] . A broad band at 1317-893 cm −1 corresponded to C-O single-bond stretching vibrations in γ-and δ-lactones, aromatic and aliphatic ethers, phenols, and epoxides [30] . The absorption below 800 cm −1 was caused by out-of-plane deformation vibrations of C-H groups at the edges of aromatic planes. , and 1060 cm −1 increased, which suggested the increase in the number of oxygen groups (or acidic groups). A relatively strong peak was observed for wave numbers lower than 900 cm −1 , which was characteristic of outof-plane deformation vibrations of C-H groups in aromatic structures. Results revealed that the used STLs sample had more oxygen groups than the original STLs. Fig. 4 depicts the differences of pore structures in original and used STLs. The surface area (S BET ) of used STLs slightly reduced from 2.452 m 2 /g (original STLs) to 2.182 m 2 /g. Original and used STLs exhibited comparable total pore volumes (0.004 cm 3 /g and 0.003 cm 3 /g, respectively) and average pore diameters (3.20 nm and 3.22 nm, respectively). An exposure of STLs to PDP decreased and increased the macroporous and mesoporous volumes, respectively. The results suggested a reaction of the amorphous carbon (in the STL surface) with the oxygen atoms that were produced in the pulsed discharge, thereby developing a mesoporous structure [10] . The slight decrease in macroporous volumes of used STLs was attributed to the acidic groups inside these pores. The main peak disappeared after use (Fig. 4) , suggesting the expansion of existing pores and formation of large pores during the reaction. The reduction in surface area mainly occurred in the mesopores; catalytic activity and adsorption capacity failed to decrease in used STLs compared with the original STLs. The results were attributed to the increase in the number of surface oxygen groups and the reduction in surface area. Based on our findings, regeneration of STLs took place in a combined treatment process. 
Effect of STL dosage on MB degradation
Experiments were conducted at an initial dye concentration of 80 mg/L to investigate the influence of adsorbent dosage on dye degradation. The voltage and pulse frequency were 36 kV and 100 Hz, respectively. Fig. 5 reveals that the degradation efficiency of MB increases with adsorbent dosage and a maximum value is obtained at an STL dosage of 3.2 g/L. Then the MB removal gradually reduced with further increasing of the STL dosage. The results indicated that the adsorption and catalysis were generated along with the increase of adsorbent dosage to participate in dye degradation. However, a small number of STLs sank to the bottom when increasing the STL dosage; thus, the solution could not circulate. The STL dosage was 1.2 g without sinking phenomenon, which was used in subsequent experiments to ensure efficient degradation.
Effect of the initial concentration of
MB solution Fig. 6 shows that the values of k and G 50% decrease with the increase of the initial concentration of MB in the combined treatment. In the constant discharge conditions, the number of active species was kept at a specific concentration level. On the other hand, the intermediate products increased with the increase of the initial concentration of MB during the degradation process. Then the competition of active species between MB and intermediate products was enhanced. Thereby, the reaction between the pollutant molecule and activity species decreased with the increase of the initial concentration. However, the absolute degradation amount of the organic pollutants increased because the degradation reaction proceeded throughout. 
Effect of pH on MB removal
Solution pH critically influences both the treatment of organic pollutants in PDP systems [31] and the adsorptive capacity of STLs [18−20] . In PDP, the degradation rate of organic pollutants was proportional to the solution pH. However, the degradation rate of organic pollutants was not related to the solution pH in the combined PDP and STL treatment processes. Fig. 7 shows that under all pH conditions, k and G 50% values were around 8×10 −3 min −1 and 3.8×10 −7 mol/J, respectively. Organic pollutants were rapidly oxidized by HO· radicals during the combined treatment when the pollutants MB were adsorbed to the STL surface. A high pH promoted the decomposition of ozone to HO· radicals, but simultaneously inhibited MB adsorption because of the low sensitivities of k and G 50% for all pH levels. 
Recycling test
To determine the stability of the combined treatment for MB removal, five cycles were performed for the same samples (Fig. 8) . A slight decrease of MB degradation was observed after the first cycle at 6 min. However, the eventual degradation percentage of MB did not significantly decrease after 5 continuous cycles. The above results indicated that the hybrid technology, combined pulsed with STLs, can keep high activity during MB removal because of stable adsorption and catalysis of STLs. MB molecule and their decomposition products did not accumulate in mesopores of STLs, and the STLs could be well regenerated in situ in the combined treatment and maintain high activities. 
Conclusions
STLs are efficient and low-cost adsorbents for MB removal. The leaves functioned as adsorbents and catalysts in the combined PDP and STL treatment process. Moreover, STLs exhibited good regenerative ability, which enabled the recovery of adsorption capacity during the treatment. Effects of initial concentration and pH were analyzed on the degradation of MB in the combined treatment. Low initial concentrations were conducive to MB removal, whereas pH yielded insignificant effects. Surface oxidation in PDP slightly changed the surface area and pore volume of STLs. However, significant changes in the surface chemical property, such as the increase in the number of acidic and basic groups in the STL surface, were observed in the combined treatment. The results suggested that the treatment increased the degradation rate and enhanced the regeneration of STLs in situ compared with PDP or STLs alone.
